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Introduction
Glucocorticoids (GC) are used as the major treatment of asthma and other chronic inflammatory diseases. After binding to the glucocorticoid receptor (GR), these hormones inhibit or increase gene expression through processes known as transrepression and transactivation, respectively. Transrepression results from inhibitory protein-protein interactions between the hormone-activated GR and other transcription factors such as AP-1 and NF-B.
1 AP-1 is a dimer made of peptides belonging to the c-Fos and c-Jun families 2, 3 whereas NF-B is a dimer composed of rel-related proteins among which are p65 and p50. 4, 5 AP-1 response elements, also called 12-O-tetradecanoyl-phorbol-13-acetate(TPA)-response elements (TRE) because TPA increases AP-1 activity, and NF-B response elements (NF-BRE) have been found in the promoter regions of many genes encoding proinflammatory mediators and shown to be necessary for the stimulation of their gene transcription. 1 Transactivation is mediated through direct binding of the hormone-activated GR to DNA sequences called glucocorticoid response elements (GRE) 6 which are found in another set of genes, some of which are involved in the control of neoglucogenesis, arterial pressure and intraocular tension.
is clearly implicated in the anti-inflammatory effect of GC, transactivation may account for some of their sideeffects (diabetes, arterial hypertension, glaucoma). These effects appear when high doses of GC are prescribed to patients with the most severe form of asthma (so-called corticodependent asthma). In addition, a subset of these asthmatic patients are resistant to GC (corticoresistant) and there is no satisfactory alternative treatment. These groups of patients, who suffer from an increase in morbidity and mortality rates, would greatly benefit from gene therapy approaches that would reduce or eliminate the recourse to GC. 13 Previous studies have shown that cells of corticoresistant asthmatics contain a GR with either a decreased affinity for the hormone or a reduced number of GR, 14 and high levels of AP-1, 15 suggesting that the repressive capacity of the endogenous GR is overwhelmed by the excess of this proinflammatory transcription factor. Thus, it may be possible to restore a corticosensitivity in these patients by overexpressing the GR in the lung epithelium, the primary site of inflammation. Lung epithelial cells participate in and are affected by local inflammation, respond to GC treatment 16 and represent a potential target for gene therapy in asthma. 13, 17 As a prerequisite to animal experiments and to validate the approach, we have transferred the GR gene into A549 lung epithelial cells and COS-1 kidney cells, and tested whether repression of AP-1 and NF-B activities by GC was then improved. This study was performed using AP-1 and NF-B-dependent gene reporter assays and an immunoassay for the proinflammatory cytokine RANTES whose synthesis is controlled by these transcription factors.
Results
Expression and subcellular localisation of the wild-type GR and of a hormone-binding deficient GR mutant The transfer of the GR gene into A549 human lung epithelial cells and COS-1 monkey kidney epithelial cells was analysed by Western blotting and indirect immunofluorescence microscopy. The GR was present endogenously at a higher amount in A549 cells than in COS-1 cells as shown by Western blot analysis (Figure 1 , pCItransfected cells). Expression of the GR greatly increased in both cell lines after transfection with a GR expression vector (Figure 1 , pCIGR-transfected cells). However, a higher level of exogenous GR was reached in A549 cells. By immunofluorescence microscopy, endogenous GR was not detectable in either cell line (Figure 2 , panels A, B, G and H) at the settings used to observe exogenous GR present in cells transfected with the GR expression vector (Figure 2 , panels C, D, I and J). Subcellular localisation of the overexpressed GR was found to be similar in both cell lines. In the absence of the synthetic glucocorticoid dexamethasone (DEX), the GR was detected in both the cytoplasm and nucleus of transfected cells, but expression was predominant in the latter compartment ( Figure 2 , panels C and I). Following DEX treatment, cytoplasmic expression of GR could no longer be detected, indicating the occurrence of a hormone-driven nuclear translocation of the GR (Figure 2 , panels D and J). The GR was excluded from the nucleoli, confirming results from previous studies. 18, 19 Transfection of an expression vector for a ligand binding-deficient GR mutant (pCINA) into these cells further demonstrated that the majority of the GR molecules accumulates in the nucleus hormone independently. Indeed, this mutant was present mainly in the cell nuclei ( Figure 2 , panels E and K), and its distribution was not affected by DEX treatment (Figure 2 , panels F and L). The GR mutant, which harbours two amino acid exchanges in the ligand-binding domain, was transferred into the cells as efficiently as the wild-type receptor (Figure 1 , pCINA-transfected cells).
Repression of AP-1 activity by overexpression of the GR To examine the effect of GR overexpression on AP-1 activity and its repression by DEX, A549 and COS-1 cells were transfected with the AP-1-dependent reporter construct 5×TRE TATA Luc in the presence and absence of DEX. AP-1 activity was induced by cotransfecting an expression vector for the AP-1 component c-Fos (pCIFos). In both cell lines, cotransfection with increasing amounts of a GR expression vector (pCIGR) improved repression of AP-1 activity by DEX. The addition of DEX inhibited AP-1 activity by about 50% through the endogenous GR and by 85% after transfection with 500 ng/well of pCIGR (Figure 3a and b) . Surprisingly, in A549 cells, transcription from 5×TRE TATA Luc was also strongly repressed (by about 80%) following overexpression of the GR even in the absence of DEX (Figure 3a) . In contrast, in COS-1 cells, an excess of hormone-free GR inhibited AP-1 activity by only 20% (Figure 3b ). Basal transcription as well as 12-O-tetradecanoyl-phorbol-13-acetate (TPA)-induced transcription from 5×TRE TATA Luc were also antagonised following overexpression of the GR in the presence and absence of DEX (data not shown).
To exclude the possibility that the inhibition of AP-1 activity by the hormone-free GR was an artefact due to the presence of five tandem repeats of TREs in 5×TRE TATA Luc, we transfected the reporter plasmid −517/+63 Coll Luc which contains the natural collagenase promoter with its single TRE. After treatment with TPA, AP-1 activity increased to a maximum. Overexpression of the GR in the absence of DEX inhibited 50% of AP-1 activity in both A549 and COS-1 cells (Figure 3c and d). Inhibition of the maximal AP-1 activity by DEX through the endogenous GR was 20-25% in both cell lines, while it was above 60% following transfection with 500 ng/well of pCIGR (Figure 3c and d).
Repression of NF-B activity by overexpression of the GR Regulation of NF-B activity was investigated by transfecting the reporter construct 3×Ig Cona Luc which contains three tandem repeats of a NF-BRE in the presence or absence of DEX. NF-B activity was increased by cotransfecting the cells with a NF-B subunit p65 expression vector (pECEp65). In the absence of hormone, overexpression of the GR inhibited NF-B activity by 50% in A549 cells and by 30% in COS-1 cells. Following DEX treatment, an additional repression of NF-B activity occurred in both cell lines (Figure 4a and b).
Repression of AP-1 and NF-B activities by overexpression of a ligand-binding and transactivationdeficient GR mutant
Since the repression of AP-1 and NF-B activities observed in A549 cells in the absence of DEX could be due to activation of the GR by traces of GC present in the growth medium, we tested if this inhibition still occurred when a hormone-binding deficient GR mutant (pCINA) was overexpressed instead of the wild-type receptor. This point mutant, in which a glutamic acid residue has been replaced by a glycine residue at position 546 in the ligand-binding domain, is transactivation deficient (see below). As shown in Figure 5 , this mutant antagonised AP-1 and NF-B activities, confirming that hormone binding is not absolutely required for transrepression to occur. However, due to the presence of endogenous GR in A549 cells, DEX treatment further inhibited these activities when low doses of pCINA were transfected (Figure 5a ). Strict hormone dependence for transactivation by the GR In contrast to GR-mediated repression of AP-1 and NF-B activities, transactivation from the GRE-containing reporter plasmid pHHLuc was strictly hormone-dependent in both cell lines (Figure 6a and b) . Transactivation did not increase after overexpression of the GR unless DEX was present. Overexpression of the ligand-bindingdeficient GR mutant (pCINA) did not alter basal and DEX-induced transcription from this promoter, confirming the absolute hormone requirement for transactivation by the GR. The absence of transcriptional induction by DEX in COS-1 cells transfected with the control vector pCI (Figure 6b ) was probably due to their lower endogenous GR content as compared to A549 cells (see Figure 1 ). It appears though that this low amount of endogenous receptor was sufficient to trigger a significant repression of AP-1 and NF-B activities after hormone addition (Figure 3b, d, and Figure 4b ).
Figure 4 Repression of NF-B activity by overexpression of the GR. A549 cells (a) and COS-1 cells (b) were transfected with 3×Ig Cona Luc and the expression vectors for the NF-B subunit p65 (pECEp65), and the GR (pCIGR) at the indicated amounts. Cells were left untreated (striped bars) or were stimulated by 100 nm DEX (black bars) for 20 h, and tran-
Inhibition of RANTES production by overexpression of the GR and of a hormone-binding-deficient GR mutant Since our previous observations were made using transfected promoter-gene constructs, we investigated whether the expression of an endogenous gene containing AP-1 and NF-B sites in its promoter and implicated in the pathophysiology of asthma would also be affected by overexpression of the GR. One such gene codes for the proinflammatory cytokine RANTES, which is positively regulated by TNF-␣ in A549 cells. 20, 21 Thus, A549 cells were transfected with the expression vector for the wildtype GR (pCIGR) or for the hormone-binding and transactivation-deficient mutant (pCINA). Cells transfected with the empty vector and treated with TNF-␣ produced the highest amount of RANTES. Results show that overexpression of the wild-type and mutant GR strongly repressed (by about 80%) both basal and TNF-␣-induced RANTES production in the absence of DEX (Figure 7) . Hormonal treatment produced an additive inhibitory effect which was most likely mediated through the endogenous or transfected wild-type GR.
Discussion
In order to evaluate the possible benefits of a GR-based gene therapy in corticoresistant asthma, we have measured in vitro, at the cellular level, the effects of transferring the gene encoding the GR on AP-1 and NF-B proinflammatory activities. We show that overexpression of the GR in A549 human lung epithelial cells repressed AP-1 and NF-B activities even in the absence of added GC. As opposed to our findings, previous studies have reported that inactivation of AP-1 and NF-B by the GR was hormone dependent. [22] [23] [24] [25] [26] [27] Of note, in one of these studies, a repression of AP-1 activity by the GR occurred in HeLa cells in the absence of added hormone. 24 However, this effect was attributed to the putative presence
Figure 7 Inhibition of RANTES production by overexpression of the wildtype GR and a ligand-binding-deficient GR mutant. A549 cells were either transfected with the empty vector pCI, the expression vector for the wildtype GR (pCIGR), or the expression vector for a ligand-binding deficient GR mutant (pCINA) at 500 ng per well. The cells were then treated or not treated with 1 ng/ml TNF-␣ or 100 nm DEX or a combination of both as indicated. Forty-eight hours after transfection, concentration of RANTES in supernatant was determined using a sandwich enzyme immunoassay. Data are shown as the percentage of the highest concentration of RANTES (58 ± 7 pg/57 g total protein per well) which was found in pCI-transfected cells treated with TNF-␣. Relative values represent the means ± s.e.m. of four independent experiments conducted in duplicates. * P Ͻ 0.05 versus maximum activity.
of GC in the growth medium that would have bound and activated the GR. This possibility was ruled out in our study, since repression of AP-1 and NF-B activities was also triggered by a hormone-binding and transactivationdeficient GR mutant.
The divergent data may also result from the use of different cell lines. Indeed, we show that the efficiency with which the ligand-free GR antagonises AP-1 and NF-B activities is cell type dependent, being higher in A549 cells than in COS-1 cells. In addition, we have observed that AP-1 activity was also inhibited by the hormone-free GR in HeLa cells, but with an efficiency in between that found in A549 and COS-1 cells (data not shown). Immunofluorescence and Western blot analyses indicated that this cell type-dependent efficiency of repression was not due to a difference in subcellular distribution of the GR but rather to a difference in the level of GR overexpression. Indeed, the amount of exogenous GR was higher in A549 cells than in COS-1 cells. Alternatively, various endogenous factors interacting with the GR molecule 28 may influence its repressive capacity. Quantitative and qualitative studies will be required to determine if these factors play a role in the cell type-dependent transcriptional repression by the hormone-free GR. Nevertheless, the mechanism of this repression is likely to involve physical association between the steroid-free GR and AP-1 or NF-B since this interaction has been reported by a number of investigators. [24] [25] [26] [27] We observed that glucocorticoid treatment triggered an additive repression of AP-1 and NF-B activities in all cells that we studied and even after overexpression of the ligand-binding-deficient GR mutant. Since the GR is an ubiquitous protein, the hormone-driven nuclear translocation of the endogenous wild-type GR may partly account for this effect, but other ligand-facilitated processes may be involved, such as the sequestration of the CREB-binding protein, a common coactivator of transcription. 29 Alternatively, hormone-activated GR may have induced c-Jun 22 and IB␣ expression, 30, 31 two factors known to reduce AP-1 and NF-B activities, respectively. [32] [33] [34] Importantly, the negative regulation of AP-1 and NF-B activities by the hormone-free GR affected the expression of transfected reporter genes but also that of an endogenous gene which is involved in the pathophysiology of asthma, 35 contains AP-1 and NF-B sites, 20 and is induced by the physiological ligand TNF-␣. 21, 36 This gene encodes the proinflammatory cytokine RANTES which is chemotactic for monocytes, T cells and eosinophils. [37] [38] [39] Although the maximal fraction of A549 cells that could be transfected was estimated to be 50%, an 80% drop in RANTES production was observed. This amplified effect may result either from an underestimation of the transfection efficiency or from the inhibition of other proinflammatory cytokines induced by TNF-␣ such as IL-6 40 which would act in a autocrine/paracrine fashion to stimulate AP-1 and NF-B.
In conclusion, we report that overexpression of the GR in the absence of hormone inhibited AP-1 and NF-B proinflammatory activities in a lung epithelial cell line whereas it did not induce transcription through a GRE. Following hormone treatment, a further repression of AP-1 and NF-B activities occurred while transactivation increased. We extrapolate that overexpression of the GR in vivo may reduce inflammation with no or little recourse to GC, and may therefore constitute a complementary or an alternative therapy for corticoresistant asthma. In addition, the possibility that the natural GC triggers GRE-mediated side-effects in vivo could be avoided by transferring the gene encoding the hormonebinding-deficient GR mutant instead of the wild-type GR. This potential gene therapy approach now needs to be tested on an animal model of asthma.
Materials and methods
Materials 12-O-tetradecanoyl-phorbol-13-acetate (TPA), transferrinpolylysine, polylysine (P2636), spermine and the synthetic glucocorticoid dexamethasone (DEX) were purchased from Sigma, St Louis, MO, USA. Tumour necrosis factor-␣ (TNF-␣) was purchased from PharMingen (San Diego, CA, USA). Luciferin and DTT were purchased from Promega (Madison, WI, USA). Coenzyme A was purchased from Boehringer Mannheim (Mannheim, Germany). Analytical grade chemicals were purchased from Merk (Darmstadt, Germany) or Carlo Erba (Milan, Italy).
Plasmids
The plasmid pHHLuc contains sequences from −223 to +105 of the mouse mammary tumour virus promoter (including one functional GRE) fused to the luciferase gene and was purchased from the American Type Culture Collection (Rockville, MD, USA). The luciferase reporter constructs 5xTRE TATA Luc, containing five copies of the AP-1 binding site (TRE) from the collagenase gene upstream of a TATA element, and −517/+63 Coll Luc, containing part of the collagenase promoter which includes the AP-1 site, were a gift from Peter Herrlich (Institute of Genetics, Karlsruhe, Germany). 22 The 3×Ig Cona Luc plasmid which contains three tandem repeats of the NF-BRE from the immunoglobulin chain linked to the conalbumin minimal promoter and the luciferase gene was obtained from Alain Israël (Institut Pasteur, Paris, France). The plasmid CMV␤-gal consisting of the cytomegalovirus early promoter linked to the ␤-galactosidase gene was used as a control vector to correct for variations in transfection efficiency. The mouse GR cDNA was isolated as a BglIIXbaI fragment from pSV2Wrec, 41 made blunt-end by Klenow treatment and inserted into the SmaI site of the pCI expression vector (Promega) to create pCIGR. pCINA contains the cDNA of a ligand-binding-deficient GR mutant (point mutations E546G and V437G, the latter being a silent polymorphism). To construct pCINA, pSV2NArec 41 was digested by BglII, made blunt-end by Klenow treatment and further cut by XbaI. The cDNA fragment was then ligated into pCI that had been cut by EcoRI, made blunt-end and further digested by XbaI. pCIbased expression vector for human c-Fos (pCIFos) 42 was provided by Dany Chalbos (INSERM U148, Montpellier, France). The expression vector for the NF-B subunit p65 (pECEp65) and the control vector (pECE) were given by Carl Scheidereit (Max Delbrueck Centre for Molecular Medicine, Berlin, Germany). 43 Preparation of AdCMVnull adenovirus AdCMVnull adenovirus, a replication-defective strain of human adenovirus type 5 in which E1A and E1B sequences were replaced by the CMV early promoter, was propagated on the complementing 293 cell line as described. 44 Cell culture and transfection A549 human lung carcinoma cells and COS-1 green monkey kidney cells were maintained in Ham's F12 medium containing 10% FCS, 100 U/ml penicillin, 100 g/ml streptomycin and 2 mm glutamine. Six-well cluster plates (500 000 cells per well) were used for Western blot analysis, 24-well cluster plates (100 000 cells per well) with laminin-coated coverslips for immunofluorescence microscopy, and 48-well cluster plates (50 000 cells per well) for reporter and RANTES assays. On the next day, just before transfection, medium was replaced by serumfree medium. The DNA to be transfected was diluted in 20 mm Hepes pH 7.4, 150 mm NaCl. For reporter assays, it included 60 ng of either 5×TRE TATA Luc, −517/+63 Coll Luc, and 3xIg Cona Luc, or 600 ng of pHHLuc, 25 ng of an internal control plasmid (CMV␤-gal) and various amounts of the expression vectors for c-Fos (pCIFos), the NF-B subunit p65 (pECEp65), the wild-type GR (pCIGR) and the ligand-binding-deficient GR mutant (pCINA) per well. The corresponding empty vectors (pCI and pECE) were added so that each well contained the same amount of DNA. For reporter assays and Western blotting, A549 and COS-1 cells were transfected with a system composed of the AdCMVnull adenovirus, transferrin-polylysine and polylysine as described previously. [45] [46] [47] For immunofluorescence microscopy, A549 cells were transfected by the same method whereas COS-1 cells were transfected with the polycation polyethylenimine (600 000-1 000 000 g/mol) at 2 × 10 −8 mol/g DNA. 48 After transfection, fresh medium containing 10% FCS and the various treatments was added.
Western blot Cells were washed with cold PBS and lysed in 10 mm Tris-HCl, pH 7.4, 50 mm NaCl, 5 mm EDTA, 1% Nonidet P-40, 10 g/ml aprotinin, 10 g/ml leupeptin and 10 g/ml PMSF. Cell extracts were transferred into microcentrifuge tubes, mixed and left on ice for 10 min. After one cycle of freeze-thaw, they were centrifuged at 12 000 g for 5 min at 4°C. A sample of the supernatant was taken for protein estimation and the remainder adjusted to 1 × Laemmli dissociation buffer. Twenty microgrammes of total protein were subjected to SDS-PAGE on 4-12% gradient gels (Novex, San Diego, CA, USA) and blotted on to nitrocellulose. The blot was then probed with the anti-GR monoclonal antibody NCL-GCR (Novocastra, Newcastle-upon-Tyne, UK) at a 1:200 dilution. Revelation was performed by using a peroxidase-conjugated antimouse IgG (Sigma) and an enhanced chemiluminescence system (NEN, Boston, MA, USA).
Subcellular distribution of the GR
Transfected cells were fixed by 4% paraformaldehyde and permeabilized by 0.5% (v/v) Triton X-100 in PBS. After blocking in PBS containing 3% BSA and 0.1% (v/v) Tween 20, the cells were incubated with anti-GR rabbit polyclonal antibodies P-20 (Santa Cruz, CA, USA) at 1 g/ml in the same buffer. P-20 antibodies are directed against an epitope at the carboxy terminus corresponding to amino acids 729-748 of mouse GR and to amino acids 750-769 of human or monkey GR. A 1:50 dilution of goat serum was then added for 15 min at 22°C, removed and replaced by tetramethylrhodamine isothiocyanate (TRITC)-coupled goat anti-rabbit immunoglobulin G diluted 1:80 for 30 min at 22°C. Extensive washes were made after fixation, permeabilization and incubation with antibodies. Cells were mounted and observed with a Nikon fluorescence microscope (Nikon, Tokyo, Japan) at a magnification of ×500.
Luciferase and ␤-galactosidase assays Transfected cells were lysed by one cycle of freeze-thaw in 100 l of 15 mm Tris-HCl pH 7.8, 60 mm KCl, 15 mm NaCl, 2 mm EDTA, 0.15 mm spermine and 1 mm DTT. After a brief centrifugation, the supernatant was recovered for the reporter assays. Luciferase activity in 40 l of cell extract was measured in a luminometer after injection of 100 l of luciferin mix (25 mm Tris-acetate pH 7.8, 41 mm DTT, 0.125 mm EDTA, 4.67 mm MgSO 4 , 0.34 mm coenzyme A, 0.66 mm ATP, 0.59 mm luciferin). For ␤-galactosidase assay, 10 l of cell extract were mixed with 67 l of the chemiluminescent substrate Galacton-Plus and processed according to the manufacturer's recommendations (Tropix, Bedford, MA, USA). ␤-Galactosidase activity was measured to correct for differences in transfection efficiency. The coefficient of variation for ␤-galactosidase activity was 27% in A549 cells and 37% in COS-1 cells, indicating the absolute necessity to correct luciferase data for differences in transfection efficiency.
RANTES immunoassay
Transfected A549 cells were treated or not treated with 1 ng/ml of TNF-␣ or 100 nm DEX or a combination of both. Concentration of RANTES in supernatants collected at 48 h was determined using a quantitative sandwich enzyme immunoassay technique and following the manufacturer's recommendations (R&D Systems, Oxon, UK).
Statistical analysis
All data represent the mean ± s.e.m. Data were analysed using the Mann-Whitney U test. Statistical significance was set at P Ͻ 0.05.
